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Introduction
The IEEE 802.11 wireless local area networks (WLANs) have been developed rapidly in the past two decades. The IEEE standard for WLANs was named as IEEE 802.4L at the beginning in 1988, while it was renamed as IEEE 802.11 in 1990 [1] . IEEE 802.11 standard defined the physical layer (PHY) and medium access control sub-layer (MAC) specification for the WLANs [2] . Moreover, all kinds of IEEE 802.11 task groups proposed many amendments to improve the IEEE 802.11 standard, and these amendments are integrated into IEEE 802.11 standard every few years. The latest complete version of IEEE 802.11 standard is the 2012 version. Similar to other communication networks, WLANs have evolved by introducing the latest technological advances in the wireless communication field as soon as they have become mature. For example, IEEE 802.11a in 1999 employed orthogonal frequency division multiplexing (OFDM), IEEE 802.11n in 2009 adopted single-user multiple input multiple output (SU-MIMO), aggregate MAC protocol data unit (A-MPDU), aggregate MAC service data unit (A-MSDU) and channel bonding, and IEEE 802.11ac in 2013 introduced downlink multi-user MIMO (MU-MIMO) transmissions. Furthermore, in the next generation WLANs named as IEEE 802.11ax which is in process and has no draft amendment uses a number of technologies including orthogonal frequency division multiple access (OFDMA) and uplink MU-MIMO to improve the efficiency of spectrum utilization [3] . Since there is more user data in the wireless networks [4] , it is no doubt that more and more advanced and mature technologies will be introduced into WLANs.
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To further improve the network capability without using more bandwidth, in-band full-duplex capability, i.e., the ability of transmitting and receiving in the same band and at the same time, is propounded as a promising technology by researchers of wireless networks [5] [6] [7] . The main challenge for implementing full-duplex capability is that a node need to cancel the interference produced by its transmitting while it is receiving packet. Recent work [8] [9] [10] [11] [12] [13] has demonstrated that the existing self-interference cancellation technology is mature enough to support full-duplex capability. To adopt full-duplex capability in WLANs could significantly improve the area throughput and increase spectral frequency reuse which is the goals of the next generation WLANs [14] . However, brand-new MAC protocols is needed for WLANs with full-duplex capability since the current MAC protocol of WLANs is designed for half-duplex communication networks.
There are totally two types full-duplex link, i.e., symmetric and asymmetric fullduplex link. Figure 1 shows these two types full-duplex link in WLANs. In symmetric full-duplex link access point transmits downlink packets to station and the receiving STA also transmits uplink packets to AP, while in asymmetric full-duplex link AP transmits downlink packets to STA2 and another STA, i.e., STA1 transmits uplink packets to AP. In addition, the interference between STAs (STA2 suffers from the interference due to the transmission of STA1) involved in full-duplex link could degrade the performance of full-duplex communication. Both AP and STAs should have full-duplex capability in symmetric full-duplex link, but only AP supports full-duplex capability and STAs may be half duplex nodes. So far some full-duplex MAC protocols are proposed on the assumption that all nodes have full-duplex capability [15] [16] [17] [18] [19] [20] . However, there are a few full-duplex MAC protocols considering the scenario that AP supports full-duplex capability but STAs do not support full-duplex capability [21] [22] [23] . In this paper, the rest of the paper is organized as follows. In section 2, related work is introduced. The proposed full-duplex MAC protocol named IAFM is described in section 3. The simulation results are presented in section 4. And this paper is concluded in section 5.
Related Works

Full-duplex MAC Protocols
So far, there are a lot of works focus on the full-duplex MAC design [15] [16] [17] [18] [19] [20] [21] [22] . However, in most researchers assume that all the node in the network have full-duplex capability [15] [16] [17] [18] [19] , and only a few researchers pay attention to study the full-duplex MAC protocols in which only AP has full-duplex capability and STAs have no full-duplex capability for WLANs [20] [21] [22] . In this paper, it is assumed that AP is a full-duplex node but STAs are all half-duplex nodes, and the co-existence between a full-duplex AP and half-duplex STAs should be considered. Thus, there are totally two links, i.e., the legacy link and the full-duplex link, in full-duplex MAC protocols. The legacy link is established by using the legacy MAC protocol described in IEEE 802.11, and the full-duplex link is set up by employing the full-duplex MAC protocol.
In [20] a full-duplex MAC protocol named as asymmetrical duplex (A-Duplex) is proposed. A-Duplex adopts capture effect to establish the full-duplex link, and the fullduplex link is established only if a STA accesses channel. Moreover, the mechanism of building the signal to interference (SIR) map is also introduce. However, the mechanism of collecting the interference is not very efficiency since it can only collect the interference of two STAs at a time and is not controlled by AP.
In [21] , a contention based full-duplex MAC protocol is proposed. In this MAC protocol, when AP transmits a data frame to a STA, the other STAs, which do not affect the transmission of legacy link by using interference measurement mechanism, starts a secondary back-off procedure, and the winner of STA acquires the chance of using the fullduplex link.
In [22] it is proposed that after a STA wins the contention for channel access, AP announces some addresses of STA as the candidate for full-duplex link. And the candidate STAs start another back-off process to contend the full-duplex transmission opportunity. Moreover, [22] also introduces power control mechanism to improve the performance of proposed full-duplex MAC protocol.
IEEE 802.11 MAC Protocol
In WLANs, the MAC protocol is distributed coordinated function (DCF) based on carrier sensing multiple access with collision avoidance (CSMA/CA). In DCF, when a transmitter node (AP or STA) wants to send MAC protocol data units (MPDU) to the receiver node, it should first transmit a request to send (RTS) frame to the receiver node. Before transmitting the RTS frame, the transmitter node has to perform back-off process to avoid collisions. Each node chooses a random number within the range of 0 to the contention window as the value of back-off counter, and for every idle time slot the back-off counter decreases one. When the back-off counter is 0, the node transmits the RTS frame and expects for the CTS frame. If the node that transmits RTS frames does not receive the clear to send (CTS) frame due to collisions, it need to double the contention window and performs back-off process again. At the first RTS transmission, the contention window of each node is the minimum contention window (i.e., CWmin), and it is doubled after collisions but is no more than the maximum contention window (i.e., CWmax).
After a transmitter node successfully transmits RTS frame, the receiver node needs to transmit CTS frame, and there are network allocation vector (NAV) duration in RTS and CTS frames for channel reservation. The nodes except transmitter node and receiver node overhearing the RTS and CTS frame acquire the NAV duration, and they cannot send any frames in the NAV duration. The transmitter node may send several MPDU or aggregate MAC protocol data unit (A-MPDU) frame in the reserved time, while the receiver replies acknowledgement (ACK) frame for MPDU frame or block acknowledgement (BA) frame. A-MPDU is a frame including a number of MPDU, and BA is able to acknowledge a block of MPDU by using bitmap. 
Protocol Design
In this section, a full-duplex MAC protocol named as interference aware full-duplex MAC (IAFM) is proposed for WLANs. In IAFM, both AP and STA uses DCF to access channel for good compatibility with legacy WLANs, but the frame transmission part of IAFM is different and AP could set up a extra full-duplex link. When a node (AP or STA) wins the contention of channel access, there are three mode for IAFM protocol, i.e., direct scheduling mode, interference collection mode and none full-duplex mode. In IAFM with direct scheduling mode, AP directly selects a proper STA for full-duplex link based on the historical interference information, while in IAFM with interference collection mode, AP asks the STAs to report their interference state before selecting the STA in full-duplex link. The IAFM with none full-duplex mode is as the same as DCF with no full-duplex link. Some legacy fields in RTS and CTS frames are reused for establishing full-duplex link, and a new full-duplex field is added in the preamble of an A-MPDU frame. Moreover, the perfect self-interference cancellation technology is assumed in the protocol designed of IAFM. Thus, AP does not suffer from the interference of its own transmission.
IAFM with Direct Scheduling Mode
Once AP has collect enough interference state information of STAs (the interference collection procedure is introduced in 3.2), AP is able to select a proper STA for the fullduplex link when a node (AP or STA) wins the contention. This kind of full-duplex transmission mode in IAFM is called direct scheduling mode. The frame transmission procedure of IAFM with direct scheduling mode is as similar as that in DCF, except that there is slight modification of RTS and CTS frame format. The downlink (AP wins the contention) transmission procedure and uplink (STA wins the contention) transmission procedure of IAFM with direct scheduling mode are shown in Figure 3 and Figure 4 respectively. Moreover, to simplify the description of IAFM the duration of busy channel and the back-off procedure is omitted in Figure 3 and Figure 4 (also in Figure 6 and Figure 7) .
In Figure 3 , after AP wins the contention, it send a full-duplex RTS (FD-RTS) frame to STA1. FD-RTS is a new frame for full-duplex link scheduling, and the comparison between RTS and FD-RTS is illustrated in Figure 5 . AP uses full-duplex address field in the FD-RTS frame to announce the address of STA using full-duplex link. Specifically, AP selects a STA (STA2 in Figure 3 ) for full-duplex link based on historical interference information, and STA2 needs to send an A-MPDU frame to AP after receiving CTS frame. STA1 receives the FD-RTS frame, and then sends a CTS frame to AP after short inter-frame space (SIFS) obeying the inter-frame space rules in DCF. When AP receives CTS frame from STA1, it sends an A-MPDU frame to STA1 after SIFS. At the same time, STA2 sends an A-MPDU frame to AP. After the A-MPDU transmission, AP and STA1 simultaneously transmit BA frames as described in [21] . Moreover, it is easy for STA2 to determine the number of MPDU in the transmitting A-MPDU frame, because the NAV duration minus 3 SIFS duration, a CTS transmission duration and a BA transmission duration is the period of the A-MPDU sent by AP. As shown in Figure 4 , STA1 sends an RTS frame to AP after the back-off procedure. Once AP receives the RTS frame, it sends a full-duplex CTS (FD-CTS) frame to STA1 and STA2 which is chosen by AP for full-duplex link based on historical interference information. There is also a full-duplex address field in FD-CTS as illustrated in Figure  5 . STA1 receives the FD-CTS frame, and then transmits an A-MPDU frame to AP after SIFS. Meanwhile, AP transmits an A-MPDU to STA2. The two A-MPDU frames are received by AP and STA2 respectively. Then AP transmits a BA frame to STA1, and STA2 transmits a BA frame to AP. The FD-RTS and FD-CTS frame format is illustrated in Figure 5 . Compared with the legacy RTS and CTS frame, the receiver address field is replaced by full-duplex address field, and there are totally five sub-fields in full-duplex address field, i.e., FD mode, partial basic service set identifier (BSS ID), receiver association identifier (AID), FD AID and uplink TX power. The FD mode sub-field indicates the current mode of IAFM as 
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IAFM with Interference Collection Mode
It is obvious that the key problem of design a better full-duplex MAC protocol is to select a proper STA for full-duplex link. If AP has the interference state information between every two STAs, it is pretty easy for AP to schedule the proper STA involved in full-duplex link. Thus, the interference collection procedure is introduced in IAFM with interference collection mode. STAs including the STA in legacy link and candidate STA in full-duplex link all need to report their interference state in orthogonal frequency division multiple access (OFDMA) manner, and OFDMA is an important feature in the next generation WLANs [3] . In OFDMA technology the sub-carriers of the whole channel is divided into some sub-channels, and each sub-channel includes several sub-carriers. Multiple STAs is able to report their interference state simultaneously using OFDMA, and thus decrease signaling overhead. Figure 6 illustrates the downlink transmission procedure of IAFM with interference collection mode. After AP and STA1 complete the exchange of FD-RTS (the FD mode sub-field in FD-RTS is interference collection mode) and CTS, AP transmits an interference state collection (ISC) frame to a number of STAs including STA1 and those candidate STAs for full-duplex link (STA2, STA3 and STA4). The frame of ISC contains n receiver information fields (n is the number of sub-channels, and three are 4 subchannels in Figure 6 ) including the receiver AID and the sub-channel allocation subfield as shown in Figure 8 . All the STAs in the same BSS need to measure the received power of FD-RTS and CTS, and those STAs who's AID is in the ISC frame transmit interference state report (ISR) frames to report their received power of the FD-RTS frame and the CTS frame. Moreover, STA1 only need to measure and report the received FD-RTS power if its AID is in the ISC frame. When AP receives all the ISR frames and acquires the interference state of STAs, it selects a STA for the full-duplex link, whose transmission does not cause the unsuccessful transmission of legacy link (the specific selection measure is introduced in 3.3). Then, AP transmits an A-MPDU to STA1 and announces the AID of STA in full-duplex link for STA3 and the uplink transmitting power for STA3 in FD preamble (FD-preamble is illustrated in Figure 8 ). STA3 receives the FD-preamble, and then transmits an A-MPDU to AP with the transmitting power indicated in FD-preamble. After the A-MPDU transmission, AP and STA1 transmit BA frames at the same time. The uplink transmission procedure of IAFM with interference collection mode is shown in Figure 7 . When AP transmits a FD-CTS frame to STA1, the FD mode subfield in FD-CTS is interference collection mode to indicate that AP wants to send an ISC frame for interference collection. Thus, STA1 cannot transmit an A-MPDU frame to AP after receiving the FD-CTS frame. Then, AP transmits an ISC frame to STA1 and those candidate STAs for full-duplex link (STA2, STA3 and STA4) as the same as that in the downlink transmission procedure of IAFM with interference collection mode. AP selects STA3 for the full-duplex link, and transmits an A-MPDU to STA1 and announces the AID of STA for STA3 in full-duplex link and the uplink transmitting power for STA1 in FD preamble (FD-preamble is illustrated in Figure 8 ). It should be noticed that the uplink transmitting power could be controlled both in the downlink and uplink transmission procedure of IAFM with interference collection mode (the details are described in 3.3). STA1 receives the FD-preamble, and then transmits an A-MPDU to AP with the transmitting power indicated in FD-preamble. After the A-MPDU transmission, AP and STA3 transmit BA frames simultaneously. Moreover, the NAV in the RTS frame is shorter than the real transmission procedure since STA1 does not know that AP is going to establish a full-duplex link. Thus, the NAV in the FD-CTS frame should be extended a bit. The format of the ISC frame and the ISR frame and FD-preamble is illustrated in Figure 8 . Besides the frame control field, there are n (n is the number of sub-channels) receiver information field in the ISC frame, and for each receiver information field there are receiver AID sub-field and sub-channel allocation sub-field. In the ISR frame, there are received RTS power sub-field for report the received power of the RTS frame (also for the FD-RTS frame) and received CTS power sub-field for report the received power of the CTS frame (also for the FD-CTS frame). The FD field, which contains FD indicator sub-field, FD AID sub-field and uplink TX power sub-field, is an extra part in FD preamble compared to the normal preamble. The FD indicator sub-field is set to 1 when AP selects a STA for the full-duplex link, and the FD AID sub-field is the AID of the STA in full-duplex link. The uplink TX power sub-field is for the transmitting STA in uplink transmission. 
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Full-duplex Link Scheduling and Power Control in IAFM
No matter that AP or STA wins the contention, there are always a uplink A-MPDU frame and a downlink A-MPDU in IAFM when full-duplex link is adopted as shown in Figure 9 . On one hand, AP receives the uplink A-MPDU frame from STA2 and suffers from the downlink interference from itself. Since we assume that the self-interference cancellation in AP is perfect, it is quiet easy for AP to receive the uplink A-MPDU frame. On the other hand, STA1 receives the downlink A-MPDU frame from AP and suffers from the uplink interference from STA2, and STA1 may fail to receive the downlink A-MPDU frame due to uplink interference. In other words, the failed transmission only occurs in the STA side. Thus, the most important issue in the selection of STA for the full-duplex link in IAFM is that AP should find a STA which does not cause the failure of the legacy link when AP wins the contention (in Figure 3 and Figure 6 ) or a STA which does not fail to receive the frame in full-duplex link when STA wins the contention (in Figure 4 and Figure 7 ).
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Figure 9. Interference Relationship in IAFM
Since AP is able to collect the interference state information in interference collection mode (received RTS power and received CTS power sub-field in ISR frame), it is easy for AP to find the proper STA for the full-duplex link. For instance, there are three STA (i.e., STA1, STA2, and STA3) and an AP in a BSS. If AP transmits an A-MPDU frame to STA1 in the legacy link, AP needs to evaluate the signal to i nterference and noise ratio (SINR) of STA1 under the interference of STA2 (expressed as SINR 1, 2 ) and the SINR of STA2 under the interference of STA3(expressed as SINR 1, 3 ). We assume that the evaluated SINR 1,2 is bigger than or equal to the target SINR for STA1 receiving the A-MPDU frame from AP, while SINR 1,3 is not. Thus, AP selects STA2 for the full-duplex link. Similarly, if STA1 transmits an A-MPDU frame to AP in the legacy link, AP needs to evaluate the SINR of STA2 under the interference of STA1 (expressed as SINR 2,1 ) and the SINR of STA3 under the interference of STA1 (expressed as SINR 3,1 ). We assume that the evaluated SINR 2,1 is bigger than or equal to the target SINR for STA2 receiving the A-MPDU frame from AP, and SINR 3,1 is also bigger than or equal to the target SINR for STA3 receiving the A-MPDU frame from AP. Thus, AP randomly selects one STA for the full-duplex link between STA2 and STA3.
Another factor, which influence the scheduling result of AP in IAFM, is power control. As shown in Figure 10 , if the downlink of AP → STA1 is the legacy link, the bigger circle is the interference zone with Pt. If any STAs in this circle transmits an A-MPDU to AP using the power of Pt, STA1 cannot receives the A-MPDU from AP successfully. And the smaller circle is the interference zone with Pt/2. It is obvious that if the uplink transmission uses less power, there is a better opportunity of establishing the full-duplex link. In other words, the power control mechanism is able to improve the performance of IAFM. Thus, power control is an optional mechanism in IAFM. 
Simulation Parameters
To evaluate the performance of our proposed IAFM protocol, a simulation platform is built in NS2 [23] . In our simulation, there is only one BSS with an AP and a number of STA around AP. The range of the BSS is 40m, and AP is in the center of the BSS. The parameter used in simulation is listed in Table 1 , and the modulation and coding (MCS) in simulation is listed in Table 2 . 
Saturation Throughput
The simulation result of saturation throughput is illustrated in Figure 11 and Figure 12 . In Figure 11 , the number of STAs is 25, and the PHY rate is from 6Mbps to 54Mbps. The saturation throughput of IAFM protocol is always higher than that of DCF, and the saturation throughput of IAFM with power control is almost 200% of the saturation throughput in DCF. It is obvious that the throughput of IAFM without power control is similar to the throughput of IAFM with power control, but IAFM with power control has advantage in higher PHY rate. Moreover, it is difficult for IAFM protocol with power control to find a proper STA for the full-duplex link when the PHY rate is 54Mbps due to the higher target SINR of 54Mbps rate. In Figure 12 , the PHY rate is 36Mbps, and the number of STAs is from 5 to 40. The IAFM protocol always delivers a higher throughput compared to DCF. And the more STAs is in the networks, the higher throughput of IAFM without power control can achieve. However, the increasing number of STAs just influences IAFM with power control a bit. 
Full Duplex Probability
The simulation result of the probability of successful full-duplex is illustrated in Figure 13 and Figure 14 . The probability of successful full-duplex is defined as the number of establishing the full-duplex link divided by the number of successful channel access. In Figure 13 , the probability of successful full-duplex of IAFM without power control decreases severely since the target SINR for receiving frame raises as the PHY rate increases. However, the probability of successful full-duplex of IAFM with power control is not affect by the increasing target SINR except for that in 54Mbps. In Figure 14 , it is clear that with the increasing STAs IAFM without power control has more opportunity to establish the full-duplex link, while IAFM with power control can always set up the full-duplex link. 
Conclusion
A MAC protocol named as IAFM is proposed in this paper on the assumption that only AP has full-duplex capability. IAFM protocol supports direct scheduling mode, interference collection mode and no full-duplex mode. In direct scheduling mode, AP selects a STA for the full-duplex link and announces the AID of this STA in new designed FD-RTS or FD-CTS frame. In interference collection mode, the STAs in the BSS reports their interference state information in OFDMA manner to reduce the overhead. In no full-duplex mode, the nodes including AP and STAs obey DCF protocol in IEEE 802.11. The power control mechanism in IAFM is described and analyzed. The simulation results shows that IAFM with power control improves the throughput greatly compared to the DCF. Thus, IAFM is a flexible and backward compatible full-duplex MAC protocol for the next generation WLANs.
